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We report the discovery of vertically aligned nano-scale diamond tips grown on the polycrystalline diamond substrates in a CH4/N2/H2 mixed
plasma. The best diamond quality occurs at the top part of the nanotip, which is single crystalline diamond. The quality of the diamond nanotip is
justified by the diamond characteristic peak at 1332 cm1 in the Raman spectrum, the discrete electron diffraction pattern of diamond along [011]
zone axis, and the electron energy loss spectra. Single crystalline diamond with poor quality appears at the center and the bottom part of the
nanotip. No nitrogen K edge signal appears in the electron energy loss spectra, suggesting that nitrogen is very difficult to incorporate into the
diamond nanotip. The roles of nitrogen in the formation of diamond nanotips are discussed.
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The unique properties of carbon nantotubes (CNTs) have
stimulated intensive research on the nanostructure fabrication
of various materials in the past years [1–5]. Diamond has been
difficult to form or to grow a nanostructure on a substrate since
it does not exhibit similar roll-up capability of a graphene sheet
in a CNT. Usually diamond tubular structures are in micron
scale, which are fabricated by diamond coating on fiber
substrates of silicon carbide, copper, tungsten, and titanium,
and followed by a subsequent removal of the fiber substrates
[6,7]. In our previous work, nano-scale diamond tubular (NDT)
structures were successfully grown on a polycrystalline
diamond substrate through a coalescence mechanism of
diamond dots of ¨150 nm in size at the initial stage of growth
[8]. Each NDT is in a cone shape and its outermost diameter is
typically ¨125 nm at the top and ¨600 nm at the bottom.
Electron diffraction patterns indicated that each NDT is single
crystalline with {111} twin defects inside. The success of the
formation of NDTs is attributed to the high density of nano-
scale diamond dots that is enhanced at substrate temperature
less than 200 -C. In 1999, Zhang et al. reported that diamond
nuclei was reduced in size due to the addition of nitrogen into0925-9635/$ - see front matter D 2005 Elsevier B.V. All rights reserved.
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deposition process [9]. The diamond density also increases
with the nitrogen addition, especially at higher nitrogen
concentration [9]. This provides an alternative thinking to
control the size and the density of diamond nuclei useful in the
formation of NDTs.
In the present work, we attempt to investigate how the
nanostructure of a NDT is affected by the addition of nitrogen
into the CH4/H2 plasma gas. Experimental results indicate that
the tubular structure of NDTs becomes narrower and capped
with single crystalline diamond at the top. As a result, diamond
nanotips are grown on the polycrystalline diamond substrate.
2. Experimental
Diamond nanotips were grown on polycrystalline diamond
substrates at a bias voltage of 250 V in a CH4/N2/H2 mixed
plasma in a 2.54 GHz planar microwave plasma enhanced
chemical vapor deposition (MPECVD) system. The polycrys-
talline diamond substrate is ¨90 Am thick and 55 mm2 in
size. The characteristics of the planar-MPECVD system can be
found in the previous published paper [10]. In a typical
experiment, planar-MPECVD chamber was pumped down to a
base pressure of 3.5103 Torr, and a mixture of CH4, N2,
and H2 was introduced into the chamber to ignite the CH4/N2/
H2 mixed plasma at 3000 Wand at a total pressure of 0.13 Torr.15 (2006) 1246 – 1249
www.els
Fig. 2. Raman spectrum of diamond nanotips grown on the polycrystalline
diamond substrate.
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growth of diamond nanotips. The substrate temperature was
heated by plasma bombardment during growth and determined
to be ¨200 -C at the end of each run. No metal catalysts are
required for the growth of diamond nanotips at such low
temperature. A better field emission scanning electron micro-
scope (FESEM) image was obtained by flashing ultra-thin Au
onto diamond nanotips. The morphology and structure of an
individual diamond nanotip were characterized by using a
high-resolution transmission electron microscope (HRTEM,
JEM-3000F) operated at 300 kV. Raman spectroscopy and
electron energy loss spectroscopy (EELS) were used to extract
the chemical information of diamond nanotips.
3. Results and discussion
Nano-scale diamond tips of 1.3T0.2 Am in length were
successfully grown on the polycrystalline diamond substrate as
shown in the FESEM micrograph in Fig. 1. The diamond tips
are vertically aligned and in a columnar shape with a diameter
of 100T30 nm. The density of diamond nanotips is approx-
imately 4109 cm2 determined from a top-view cross-
sectional FESEM micrograph. The diamond nanotips exhibit
very good diamond quality, supported by the Raman spectrum
in Fig. 2 where a strong diamond characteristic peak at 1332
cm1 is clearly observed. The full-width-at-half-maximum
(FWHM) of the diamond peak at 1332 cm1 is determined to
be 7.4 cm1 that is ¨20% smaller than that of the
polycrystalline diamond substrate. The weak and broad peak
centered at ¨1550 cm1 indicates the existence of sp2 bonds
[11] that may be either from the residual sp2 bonds inside the
diamond nanotips or from the polycrystalline diamond
substrate. The Raman spectrum itself is insufficient to justify
the quality of diamond nanotips because the Raman signal may
have contributions directly from the polycrystalline diamond
substrate due to the open structure of nanotips. A transmission
electron microscope analysis is thus performed to characterize
the morphology and the crystal structure of an individual
diamond nanotip. Fig. 3(a) shows the FETEM micrograph of aFig. 1. Field emission scanning electron micrograph showing the vertically
aligned diamond nanotips grown on the polycrystalline diamond substrate in a
CH4/N2/H2 (1:2:3) mixed plasma.diamond nanotip of about 100 nm in diameter scratched from
the as-grown diamond nanotips. The diamond nanotip seems to
exhibit a tubular hole of ¨20–50 nm in diameter along the
axis at the bottom part of the nanotip. However, the contrast
change in the FETEM image may be caused by the phase
difference from the amorphous carbon or graphite constituent
as well. A high-angle annular dark-field (HAADF) image,
which is useful to provide information of specimen thickness,
is measured in order to support the existence of the tubular
hole. As clearly shown in the HAADF image in Fig. 3(b), a
dark line, i. e. the tubular hole, is indeed along the axis at the
bottom part of the nanotip. The existence of the amorphous
carbon or graphite constituent is excluded since no signal of sp2Fig. 3. Field emission transmission electron micrographs of a diamond nanotip:
(a) a bright field image and (b) a HAADF image. Electron diffraction patterns
of a diamond nanotip at three different positions: (c) top, (d) center, and (e)
bottom. The electron beam size is ¨100 nm confined by an aperture during the
electron diffraction measurements.
Fig. 5. EELS spectra of a diamond nanotip at different positions. The carbon K
edge is located at ¨300 eV.
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discussed later.
The crystal structures along the nanotip in Fig. 3(a) are
characterized and shown in Fig. 3(c)–(e). At the top part, a
discrete electron diffraction (ED) pattern (Fig. 3(c)) is clearly
observed and identified to be a single crystalline diamond
structure looking along [011] zone axis [12]. At the center part,
the same discrete diffracted pattern appears with a very vague
poly-ring structure, as shown in Fig. 3(d). The diffracted spots
of {111} type in the ED pattern are fuzzier than those in Fig.
3(c), suggesting that the diamond quality becomes worse away
from the tip end. Note that the first poly-ring does not overlap
with the {111} type diffracted spots, indicating that polygrains
of a certain material other than diamond may coexist with the
single crystalline diamond. The unknown material is not
graphite since no signal of sp2 hybridization is detected in
the EELS analysis. At the bottom part, the same poly-ring
structure becomes dominant, accompanying with several
discrete diffracted spots of low brightness. The four {111}
type diffracted spots marked in Fig. 3(e) indicate the existence
of a small amount of single crystalline diamond at the bottom
part of the nanotip. In view of the structural evolution along the
nanotip, single crystalline diamond is the favored phase to
grow upwardly and the diamond quality is continuously
improved during growth. The best diamond quality occurs at
the top part of the nanotip. Fig. 4 shows the FETEM lattice
image of the single crystalline diamond at the tip end looking
along [011]. The d-spacing of (111) is measured to be 0.2 nm,
consistent with the lattice parameters of diamond.
A series of EELS spectra in Fig. 5 were taken to characterize
the bonding information along the diamond nanotip in Fig. 3(a)
and are described as follows. First, no nitrogen K edge at ¨410
eV is observed in each EELS spectrum, suggesting that no
nitrogen is incorporated into the diamond nanotip within the
EELS detection limit. Second, usually a k* transition would
appear as a shoulder in the carbon K edge at ¨280 eV if sp2
hybridization occurs [13]. However, no k* transition areFig. 4. FETEM lattice image of the single crystalline diamond at the top part of
the diamond nanotip in Fig. 3(a).observed in the EELS spectra in Fig. 5, which indicates no
sp2 hybridization. This strongly suggests that the weak and
broad Raman peak at ¨1550 cm1 in Fig. 2 is contributed
from the polycrystalline diamond substrate, rather than the
diamond nanotips. Third, a standard EELS spectrum from pure
diamond should exhibit a strong j* peak at ¨300 eV and two
other characteristic peaks at ¨330 eV and ¨360 eV, and a
shoulder at ¨320 eV. As shown in Fig. 5, the EELS spectrum
marked with ‘‘Top’’ exhibits all these characteristics of pure
diamond. The nanotip is proven to be pure diamond at the tip
end, which is also in good agreement with the electron
diffraction pattern in Fig. 3(c). Finally, all the diamond
characteristic peaks decrease dramatically in intensity and
slightly in energy for the EELS spectra at the center and the
bottom parts of the nanotip. This is consistent with the intensity
reduction of the diffracted spots from diamond in Fig. 3(c)–(e).
Note that the EELS spectra at the bottom part exhibits very
weak diamond characteristics, indicating the diamond quality is
poor at the beginning of the nucleation of a diamond nanotip.
The roles of nitrogen in the growth of diamond nanotips in
the CH4/N2/H2 mixed plasma gas are discussed as follows.
First, the morphology of the nano-scale diamond structure
changes due to the addition of nitrogen. In the CH4/H2 mixed
plasma without nitrogen, nano-scale diamond tubes (NDTs) of
single crystalline are grown in a cone shape on the polycrys-
talline diamond substrate [8]. When nitrogen is added into the
CH4/H2 plasma gas, NDTs are replaced by diamond nanotips in
columnar shape. And the tubular structure inside the NDT
seems to be narrowed and disappears near the tip end. Second,
the density of nano-scale diamond structures (nanotips or
NDTs) increases from ¨9108 to ¨4109 cm2 due to the
addition of nitrogen. This is in good agreement with the results
of Zhang et al. [9]. Third, the average diameter of the diamond
nanotips is narrower than that of NDTs. This probably results
from the size reduction of diamond nuclei due to the addition
of nitrogen. Smaller diamond nuclei are expected to form
narrower diamond nanotips, according to the coalescence
mechanism proposed for the formation of NDTs in our
previous work [8]. Finally, the lengths of nano-scale diamond
structures (nanotips or NDTs) decrease from ¨3T0.5 to
Y.K. Chih et al. / Diamond & Related Materials 15 (2006) 1246–1249 12491.3T0.2 Am. This suggests that nitrogen may inhibit the growth
of diamond nanotip.
The growth of diamond nanotips on the polycrystalline
diamond substrate is a new approach to fabricate diamond
nanotips. Diamond nanotips or nanocones structures have been
also successfully fabricated using ion etching rather than
growth [14–16]. Zhang et al. reported the formation of
diamond nanocones using the bias-assisted reactive ion etching
method at a substrate temperature of ¨850 -C [14,15]. Ando et
al. reported the sharp diamond tips formed on single crystal
diamond wafers by using the reactive ion etching associated
with the photolithography [16].
4. Conclusion
In summary, vertically aligned diamond nanotips have been
successfully grown on the polycrystalline diamond substrate in
a CH4/N2/H2 mixed plasma. The diamond quality is poor at the
bottom part of the nanotip and is continuously improved during
growth upwardly. The best diamond quality occurs at the top
part of the nanotip, which is single crystalline diamond. No
nitrogen is detected by EELS indicating no incorporation of
nitrogen into the diamond nanotips. The role of nitrogen is
proposed to enhance the size reduction of diamond nuclei that
may result in narrower diamond nanotips.
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